Objectives: Attenuation of adrenergic drive and cognitive enhancement, via stimulation of alpha2 pre-and post-synaptic receptors, may selectively enhance executive performance in early abstinent cocaine-dependent individuals. As these cognitive processes underpin important treatment-related behaviors, the alpha2 agonist, guanfacine HCl, may represent an effective pharmaco-therapeutic intervention. Methods: Twenty-five early abstinent cocaine-dependent individuals were administered a battery of neurocognitive tasks on entry into treatment (baseline) and again following 3 weeks of either placebo or guanfacine treatment (up to 3 mg). Tasks included: Stop Signal, Stroop, 3-Dimentional Intra-dimensional/Extra-dimensional (IDED) task, Spatial Working Memory (SWM), Paired Associates Learning (PAL), Verbal Fluency and the Rey Auditory Verbal Learning Test (RAVLT). Results: Compared with placebo, the guanfacine group demonstrated attenuated anxiety and negative affect as well as improved performance on selective executive tests. This included fewer directional errors on the stop signal task, fewer errors on the extra-dimensional shift component of the IDED task and better attentional switching during verbal fluency. Guanfacine did not improve strategic working memory or peripheral memory. Conclusion: Guanfacine improves selective cognitive processes which may underlie salient treatment-related regulatory behaviors. Alpha2 agonists may therefore represent important agents for cocaine dependence.
Introduction
No effective FDA-approved medication currently exist which addresses the high rates of cocaine relapse during early recovery (Kang et al., 1991; O'Brien and Anthony, 2005; Sinha, 2001) . "Agonist therapies", which target the attenuation of reward and anxiolytics which focus on reducing negative reinforcement, have shown some success (Verrico et al., 2013) ; however, concerns have arisen with regard to abuse potential (Diana, 2011; Thanos et al., 2004) and sedation-induced cognitive decrement (Ijff and Aldenkamp, 2013) , respectively. We propose that alpha-2 agonism may demonstrate low stimulant and sedative properties as well as enhance selective cognitive processes contributing to treatment-related behaviors and withdrawal severity. As such, the current study examines the feasibility of guanfacine HCl to enhance specific types of executive function during early recovery in dependent individuals.
The association between sympathetic overdrive and cocaine withdrawal severity indicates that adrenergic interventions may be of benefit in improving clinical outcome. For example, cocaine withdrawal reflects a bio-behavioral state characterized by tonic overactivity of locus coeruleus-norepinephrine (LC-NE) innervations within prefrontal regulatory brain regions including the anterior cingulate (ACC) and right inferior frontal gyrus (IFG). These systems are not only integral to anxiety pathophysiology and negative mood (Cecchi et al., 2002; Fox et al., 2007b; Sinha et al., 2009) , but also key attentional mechanisms underlying the stopping and monitoring components of inhibitory control (Aston-Jones and Cohen, 2005 ; Aston-Jones and Gold, 2009 ). Behaviorally, this may be a central mechanism of distractibility, emotion dysregulation and impulsivity (Bari and Robbins, 2013; Fishbein et al., 2006; Kenemans et al., 2005) contributing to cocaine use despite negative consequences, thus representing critical targets for the development of effective addiction medications.
There are several lines of support for this hypothesis. First, although early withdrawal is often characterized by broad cognitive decrement across an array of functions (De Oliveira et al., 2009; Lorea et al., 2010) , clinical course is typically predicted by more selective executive deteriorations in cognitive flexibility (Faraone et al., 2005) , attention and inhibitory control (Brewer et al., 2008; Carroll et al., 2011; Streeter et al., 2008; Turner et al., 2009; Verdejo-Garcia et al., 2012) . Second, Cognitive Behavioral Therapy (CBT), which promotes skills training to improve selfregulation, planning, organization, problem solving and concentration (Mischel, 2004) , has been identified as an effective behavioral treatment for monitoring and changing substance use behavior (Blume and Marlatt, 2009; Sofuoglu et al., 2013) . Third, beta adrenergic antagonism and alpha2 agonism have been shown to improve selective inhibitory processes underlying these behaviors (Bari et al., 2011; Eagle et al., 2008; Kelley et al., 2007) , both in the absence of peripheral effects (Beversdorf et al., 2002) and during psychosocial stress (Alexander et al., 2007) , supporting the idea that the modulation of central LC-NE stress systems may be a salient mechanism for medications intervention.
As an alpha2a adrenergic agonist, guanfacine is thought to diminish ascending adrenergic activity, via stimulation of presynaptic alpha2-adrenoceptors, and strengthen executive processes by stimulating post-synaptic alpha2-adrenoceptors in the dorsolateral regions (Arnsten, 1998; Arnsten and Goldman-Rakic, 1985; Arnsten and Jin, 2012) . Furthermore, guanfacine is also 8-10 times more selective for alpha2a adrenoceptors than clonidine (Jarrott et al., 1982; Seedat, 1985; Summers et al., 1981) , which has consistently shown greater side effects in terms of orthostatic hypotension and withdrawal syndrome (Gish et al., 2010; Sorkin and Heel, 1986) . Guanfacine may also enhance regulatory cognitive-affective function by attenuating generalized sympathetic processes (Erb et al., 1998 (Erb et al., , 2000 Shaham et al., 2003) including anxiety and negative affective state (Ambrose-Lanci et al., 2010; Fox et al., 2012) . In support, guanfacine has been shown to be particularly robust in treating conditions characterized by catecholaminergic psychopathology including symptoms of attention-deficit hyperactivity disorder (ADHD) (Chappell et al., 1995; Childress, 2012; Hunt et al., 1995; Sallee et al., 2012; Scahill et al., 2001) , age-related decline of attention and working memory (Arnsten and Contant, 1992; Arnsten and Goldman-Rakic, 1990; Arnsten et al., 1988; Decamp et al., 2011) and stress sensitivity during early withdrawal in cocaine-dependent individuals (Fox et al., 2012 (Fox et al., , 2014 .
We therefore present a double-blind, placebo-controlled preliminary study which examines the cognitive-enhancing effects of guanfacine in early abstinent cocaine-dependent individuals. A battery of tasks will be administered which examine inhibitory and strategic forms of executive function, as well as peripheral memory.
Methods and materials

Participants
All 25 cocaine-dependent individuals (22 males/three females) participating in the current study were recruited via advertisements placed either online or in local newspapers, as part of a larger "parent" study comprising both an inpatient or outpatient component. Objectives of the parent study were to assess the effects of guanfacine or placebo on stress system function in early abstinent inpatient or outpatient treatment-seeking individuals. All participants had to be completely abstinent in order to take part in both cognitive testing components (baseline and 3-weeks treatment) in the current study. Urine toxicology screens upon entry to the study, as well as The Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders IV (SCID IV (First et al., 1995) were used to verify current cocaine dependence. Participants were excluded if they met dependence criteria for any other illicit drug other than alcohol. They were also excluded for using prescription opiates and medications prescribed for any medical and/or psychiatric conditions. In addition, all participants had to meet stringent health requirements including healthy cardiovascular, renal, hepatic, pancreatic, hematopoietic and thyroid function. All participants had to be able to read and write in English and all gave both written and verbal informed consent. The study was approved by the Human Investigation Committee of the Yale University School of Medicine.
Procedures
After eligibility screening over the phone, all participants were scheduled for an intake appointment, where demographic and drug use assessments were completed as well as breath alcohol testing and urine toxicology screens. Physical examination and blood work was also conducted to ensure good health. Following completion of consent forms, all participants were scheduled for either a) inpatient admission to the Clinical Neuroscience Research Unit (CNRU) located at the Connecticut Mental Health Center (CMHC) for 4 weeks of inpatient treatment and study participation (week 1 and week 4), or b) outpatient admission to the Substance Abuse Center at the CMHC for 8 weeks of outpatient treatment and study participation (week 1 and week 4).
Inpatient admission procedures. All inpatient participants
were admitted to the CNRU, which is a locked treatment research facility with no access to alcohol or drugs and very limited access to visitors. Drug testing was conducted regularly to ensure drug abstinence. All participants admitted to the study also participated in a specialized substance abuse treatment program initiated on admission. This comprised weekly individual therapy, provided by psychiatry residents on the CNRU, as well as twice weekly group drug counseling provided by addiction specialists.
All inpatient cocaine-dependent patients were randomly assigned to guanfacine 2 mg (n=6) or 3 mg (n=6) daily or placebo (n=13) in a randomized, double-blind manner. Guanfacine pills (marketed by Watson Pharmaceuticals) were purchased through the pharmacy located at the CMHC and the research pharmacist ensured that both active and placebo capsules used for medication administration appeared identical. All placebo pills contained lactose. Subjects were randomly assigned to either guanfacine (2 or 3 mg) or placebo. As guanfacine had not been previously used in addicted samples, we started the study with placebo versus 2 mg dosing in a double-blind manner. After observing no major or serious side effects (Fox et al., 2012) , we increased the guanfacine dosing to 3 mg for subsequent subjects who were randomized to the active condition (See Table 1 for all dosing schedules). For the purpose of the primary analysis, both doses were collapsed and compared with placebo.
Outpatient admission procedures. All outpatient participants
were required to attend the clinic at the CMHC three times per week (Monday, Wednesday and Friday) for 8 weeks. At each visit they were required to provide a urine specimen, a breathalyzer screen and vital signs; taken every 15 minutes for 1 hour. Participants were randomly assigned to either guanfacine (3 mg) or placebo, and received the exact amount of medication until their next visit, which was provided in unit/dose blister packs and labeled with the time and date in order to facilitate appropriate dosing (Table 1 for all dosing schedules). In addition, riboflavin was added to the medications to ensure compliance (Ramanujam et al., 2011) .
All outpatient participants also received standard individual drug counseling sessions twice per week, as outlined in the Individual Drug Counseling Manual (Mercer and Woody, 1999) as well as contingency management, where redeemable vouchers were provided for clean urines (Higgins et al., 2002) . Any participants unable to achieve abstinence within 4 weeks were offered inpatient treatment or referred to a higher level of care at another facility. Participants achieving abstinence but experiencing occasional lapses were continued in outpatient treatment; however, they were excluded from the current cognitive study. Only fully abstinent outpatient participants were included in the cognitive testing sessions. This was assessed via urine toxicology and breathalyzer screening prior to testing.
Following completion of either inpatient or outpatient treatment, all participants underwent a standard 4-day taper similar that used with lofexidine in opiate withdrawal protocols (Bearn et al., 1996) .
Neuro-cognitive test assessment battery. All inpatient and outpatient participants completed the battery twice, i) premedication (Day 4 of either inpatient or outpatient treatment) and ii) during medication (approximately Day 24 of either inpatient or outpatient treatment). All tasks were administered in the following order and counterbalanced. However, the Rey Auditory Verbal Learning Test (RAVLT) was administered first in all cases.
Cognitive testing
Rey Auditory Verbal Learning Test. The RAVLT (Rey, 1964) involves the repeated administration of a word list (List A) across five learning trials. Free recall immediately follows each presentation (List A, trials 1-5). After the last learning trial a second "interference" list (List B) is presented prior to the free recall of List B. Immediately following recall of List B, participants are again required to recall List A, without additional presentation (List A, trial 6). After a 30-minute delay, they are again asked to recall List A without presentation (List A, trial 7). A subsequent recognition list is then presented comprising 45 words, (15 target words from List A; 15 from List B; 15 phonologically or semantically similar to those in List A).
No time limit is applied to the recall trials and participants are prompted to recall words in any order. Both stimulus word lists (A and B) are presented to the participants on tape, at a rate of one word per second. Recall, recognition and error scores are recorded by adding the number for each trial.
Verbal fluency. The verbal fluency task (Benton, 1968 ) comprises a phonemic and semantic category. The phonemic category requires participants to generate as many words as possible starting with a given letter in 1 minute. The letters (F A S) or (P R W) were used for the letter fluency section. The semantic component requires participants to produce as many words as possible belonging to a given semantic category. The category "animals" or "fruit" were used for the semantic component of the task. The two different conditions were counterbalanced between the first (pre-medication) and second (during-medication) testing sessions. The only limitations were that participants could not use proper nouns or the same word with different grammatical endings (e.g. show, showed, showing). Standard administration provides three letters; the most common being the letters F, A, and S (Barry et al., 2008) . Other letters are commonly employed, and in the current study we additionally used PRW for counterbalancing (Bolla et al., 1990) . The dependent variable was the number of words produced in each letter category (FAS or PRW) and the number of words produced in the semantic category.
As verbal fluency is a multi-factorial task with potentially many underlying processes reflected in the final score, two clinically relevant and independent components of the fluency task were also included that are thought to optimize successful generation or initiation of verbal responses (Troyer et al., 1997; Turner, 1999) . The first comprises "clustering", which is the generation of words within a meaningful phonemic or semantic subcategory, and the second is "switching", which is the ability to shift efficiently to a new sub-category of words when the old sub-category is exhausted (Begeer et al., 2014; Troyer et al., 1997 Troyer et al., , 1998 .
Clustering scores. In the phonemic component of the fluency task, clusters were defined as contiguous words that fell into one of the following categories: a) two or more words that began with at least the same first two letters (e.g. stone, stack, stand), b) two or more words that differed only by a vowel sound (e.g. rise, rose, rouse), c) words that were homophones (e.g. see, sea), and d) two or more words that fell into the same semantic category (e.g. sand sea sun shell). In the semantic component of the fluency task, clusters were defined as groups of contiguous words belonging to the same semantic sub-category. These included farmyard animals, pets, marsupials, birds, insects and aquatic animals. All words belonging to a semantic or phonemic cluster are referred to as related words (RW). (3 mg) 0.5 mg (bedtime) 0.5 mg-1.0 mg 1.0 mg-1.0 mg 1.0 mg-1.5 mg 1.5 mg-1.5 mg 1.5 mg-1.5 mg Switching scores. Switches were calculated as the number of transitions between clusters, including single words, in the phonemic and semantic tests. Switching score was calculated as the number of words produced minus the number of related words, plus the number of clusters. Errors and repetitions were excluded in cluster and switch scoring, in order to provide information about the underlying cognitive processes regardless of whether or not they were included in the total number of words generated.
Stroop Color/Word Test. The Stroop Test (Golden, 1975 ) is a test of selective attention where the scores represent the number of items completed in 45 s during three trials. The first trial consists of reading the name of as many colors as possible in 45 s (e.g. "red", "blue", "green"). The second trial comprises naming the color of a series of Xs (XXXX) printed in either red or blue or green ink. Again, participants have to name as many colors as possible in 45 s. The final trial consists of the 100 words presented in the initial trial in the colors presented in the second trial. In all cases, the word (e.g. red) is different from the color it is printed in (e.g. blue. (i.e. "red")). Subjects are given 45 s to name the color of the ink and suppress the pre-potent inclination to name the word. Participants are immediately informed of any errors made and must correct all errors before continuing. Hence, all scores for each component include error time.
The number of raw items read for each trial is recorded and converted to standardized T scores.
The following tasks were selected from the Cambridge Autonomic Test Assessment Battery (CANTAB: www.camcog. com).
The Visuo-Spatial Paired Associates Learning Task. The Visuo-Spatial Paired Associates Learning (PAL) Task (www. camcog.com) assesses simple pattern and visuo-spatial associative learning, as well as delayed aspects of working memory (Jakala et al., 1999b) . Six white boxes are presented in a circle around the screen. Each of the boxes opens in a random sequence revealing an abstract pattern "inside". The patterns are then displayed individually in the center of the screen and participants are requested to touch the box in which they had seen each of the patterns. Participants perform two trials of one pattern-location association, two trials of two pattern-locations and two trials of three pattern-locations. One trial of six pattern-locations and one trial of eight pattern-locations is then presented. If an error is made, a "reminder" phase is shown. Participants are allowed nine "reminder" phases for each trial, making a total of 10 attempts prior to the task being terminated.
The dependent variables were the total number of presentations required on each trial (Attempts); the total number of patterns successfully located on initial presentation (memory score; maximum score being 26); and total number of errors made on each trial (error score). With regard to the number of errors made, the score obtained by the worst participant attempting a set was given to those participants not reaching that set.
Spatial Working Memory Task. The Spatial Working Memory Task (www.camcog.com) requires the mental manipulation and monitoring of spatial memory, and planning a self-ordered search strategy. Participants must search through a display of boxes to find "hidden" blue tokens. Only one token is hidden at any one time, and once a token is found in a particular box, that box is not used again to conceal other counters.
The dependent variables reflected two types of errors: a) returning to a box in which a blue token has already been found ("Between Search Error") and b) returning to a box (in the same search sequence) that is empty ("Within Search Error"). Each participant is required to attempt four 3-box trials, four 4-box trials, four 6-box trials and four 8-box trials.
Three Dimensional Intra-Dimensional/Extra-Dimensional Shift Task. The Three Dimensional Intra-Dimensional/Extra-Dimensional Shift Task (3D-IDED) task (www.camcog.com) is focused primarily on attentional shifting and reversal learning. The ability to form, maintain and shift attentional set is assessed through learning a series of two alternative forced choice discriminations and their reversals. Stimuli vary along three possible dimensions (color, shape, number). In the "intra-dimensional shift" stage, the relevant dimension (color) remains unchanged despite the introduction of two completely novel stimuli. In the final "extra-dimensional shift" stage participants are required to "shift" response set to a previously irrelevant dimension (shape). Participants must achieve six correct successive discriminations. If these discriminations are not achieved following 50 attempts, the task is terminated.
Performance indices of the 3D-IDED task include: Attrition rate, Number of Trials (required to reach criterion), Number of Errors and Response Latency at each of the nine stages. The 3-IDED is not an appropriate task for a within-subjects design, and was therefore only administered once, following 3 weeks of guanfacine treatment.
Stop/Signal Task. The Stop/Signal task (www.camcog.com) assesses an individual's ability to inhibit an ongoing motor response. In the first part of this test, participants are required to press the left hand button when they see a left-pointing arrow, and the right hand button when they see a right-pointing arrow. Sixteen practice trials are presented. In the second part, participants are told to continue pressing the buttons when they see the arrows, as before, but, if they hear an auditory signal (a beep), they should withhold their response. Direction errors, proportion of successful stops, and relevant reaction times are recorded. The task incorporates a "dual race model" algorithm (Logan et al., 1984) which uses interleaved staircase functions where the timing of the auditory stop signal changes throughout the test, depending on the subject's past performance, so that stopping occurs approximately 50% of the time for each subject. This allows for the estimation of a reaction time based on an individual's ability to inhibit a pre-potent motor response. As such, outcome variables include Directional Errors (i.e. pressing the incorrect arrow in both the "go" and "stop and go" trials), and Mean Stop Signal Reaction Time.
Subjective measures
The Profile of Mood States Bi-Polar Form POMS-B. The Profile of Mood States Bi-Polar Form POMS-B (McNair et al., 1971) was collected at three time-points during each cognitive testing session (at the beginning, during and at completion). The scales comprises a list of 72 mood-related words (e.g. happy, angry, tense, shaky) and participants are requested to rate the extent to which they felt each emotion on a scale of 0 (not at all) to 4 (extremely). Positive items are reverse coded. The 72 items are then collapsed into eight subscales: anger, anxiety, arousal, confusion, depression, elation, fatigue, and vigor.
Statistical analysis
All data analyses were performed using SPSS Inc., version 19 (Chicago, IL, USA). T-tests and chi-square analyses were used to examine group variation in demographic and drug use variables.
Linear mixed-effect models were implemented to analyze all cognitive data where Medication group (guanfacine vs. placebo), Session (pre-medication vs. during-medication) and Task Trials (varying levels) represented the fixed effects, and Subjects represented the random effect. Bonferroni tests were used as adjustments for all multiple comparisons.
As the guanfacine group comprised individuals administered both 2 mg (n=6) and 3 mg (n=6) of guanfacine as well as placebo (n=13), a preliminary secondary analyses was additionally conducted on all significant dependent variables using guanfacine dose (placebo, 2 mg, 3 mg) as the independent variable.
Results
Participants
No significant group differences were observed in terms of either demographic variables, cocaine withdrawal severity on admission (as measured by the Cocaine Selective Severity Assessment; CSSA, (Kampman et al., 2002) or drug use prior to inpatient admission (see Table 2 ). None of the participants required a medicated detoxification.
Subjective measures
POMS (anxiety): A significant Medication Group × Session interaction [F 1,89=4.5, p<.04] indicated a significant attenuation of anxiety from baseline in the guanfacine group (Baseline > Post-Medication, p<.0001) which was not observed in the placebos.
POMS (anger): Similarly, a significant Medication Group × Session interaction [F 1,89=4.5, p<.04] showed that a significant attenuation of anger was observed in the guanfacine group only (Baseline > Post-Medication, p<.0001).
POMS (depression): A significant Medication Group × Session interaction [F 1,91=6.3, p=.01] showed a significant attenuation of depressive symptoms from baseline in both the guanfacine (Baseline > Post-Medication, p<.0001) and placebo (Baseline > Post-Medication, p=.002) groups. However, at the baseline time-point, the guanfacine group demonstrated a trend for reporting higher depressive symptoms compared with the placebos (p=.1) possibly indicating a more robust overall reduction in depression. No significant Group × Session differences were observed on any other subscales of the POMS (range: p=.12 to p=.88).
Cognitive measures Verbal fluency. Phonemic fluency: A significant Medication
Group × Session interaction [F 1,96=4.9, p<.03] showed that the guanfacine group demonstrated improved phonemic fluency compared with the placebo group following 3 weeks of treatment (p<.05). (Figure 1(a) ). Semantic fluency: A main effect of Medication Group [F 1,21=6.0, p=.02] indicated that the guanfacine group produced a significantly higher number of words compared with the placebo group across both testing sessions. During the phonemic component of the verbal fluency test, a significant Group × Session interaction was also observed for the number of transitions or "switches" performed between clusters [F 1,95=3.8, p=.05]. The interaction indicated that following three weeks of guanfacine treatment, the guanfacine group produced a significantly higher number of switches compared with the placebos (p=.03) (Figure 1(b) ). A significant increase in switches was also observed following treatment compared with baseline in the guanfacine group (p=.003). This time-point effect was not seen in the placebo group. No group differences were seen with regard to the number of clusters produced across the three conditions (FAS/PRW). No significant group variation was observed with regard to either number of switches or clusters produced in the semantic component of the task.
Stop Signal Task. Directional errors: A significant Medication
Group × Session interaction [F 1,148= 2.4, p=.001] indicated that following 3 weeks of treatment the guanfacine group made significantly fewer errors on the stop signal task compared with their baseline (p<.05). Conversely, the placebo group made a greater number of errors during the second testing session compared with their baseline (p=.003). No significant group variation was observed with regard to latency (Figure 2 ). Table 3 shows the percentage of participants in each of the medication groups to fail at each of the nine stages. All nine stages were completed by 60% of the placebo group and 89% of the guanfacine group. In addition, chisquare analyses showed that group differences in attrition rates were significantly better in the guanfacine compared with the placebo group during the extra-dimension shift (p<.0001) and the reversal stage of the extra-dimensional shift (p<.0001).
3D-IDED. Attrition rates:
With regard to no. of errors made, a significant Medication Group × Stage interaction [F 8,136=2.2, p =.03] indicated that the placebo group also made a significantly greater number of errors compared with the guanfacine group during the extradimensional shift (p=.04) and the extra-dimensional reversal shift (p<.0001) (Figure 3 ). In terms of latency, no significant group variation was observed with regards to response latency. [F 1,20=30.7, p< .0001] indicated that both the guanfacine and the placebo groups demonstrated improved Color/Word performance at the second testing session compared with baseline performance. No main effects of Group or Group × Session interactions were observed for Color/Word performance. Table 3 . Percentage of participants failing to complete IDED task stages.
Stroop. A Significant effect of Testing Session
N=25
Attrition Rate (% failing stage)
IDED stages Placebo Guanfacine
Chi-square test Visuo-Spatial PAL. No significant interactions between Group × Session were observed for the number of attempts required to complete each trial (Attempts), the number of errors made on each trial (Errors), or the memory score (Memory). As expected, a significant main effect of Trial for Attempts [F 4, 175=56.7, p<.0001], Errors [F 4, 175=39.2, p<.0001] and Memory [F 4,175=10.7, p<.0001] indicated that a greater number of attempts were required, errors made and patterns recalled in the 8-and 6-box conditions compared with the 3-and 2-box conditions, both at baseline and following guanfacine treatment.
RAVLT. No significant Group × Session differences were observed in terms of immediate recall or verbal learning ability. A significant main effect of Trial [F 4,165=54.0, p<.0001] indicated that both groups demonstrated a similar incremental learning curve both at baseline and following guanfacine treatment. For example, the number of words recalled in List A, trial 1 was significantly less than those recalled in all four other trials (p<.0001, in all cases). Similarly, the highest number of words recalled was observed in List A, trial 5 compared with trial 1 (p<.0001), trial 2 (p<.0001) and trial 3 (p<.04). No significant Group × Session effects were seen for either delayed verbal memory (Trial 7), verbal recognition, proactive interference (Trial 1 -List B), retroactive interference (Trial 5 -Trial 6) or number of repetitions and errors made during both recall and recognition trials.
Although no significant Group × Session interactions were seen for delayed verbal recall (trial 7) and recognition scores, main effects of Session for both [delayed recall: F 1,16=15.6, p=.001] [recognition: F 1,17=4.9, p=.04] indicated that these scores were improved compared with baseline in both the placebo and guanfacine medication groups.
Secondary dose analyses
No significant main effects of Dose or Dose × Session interactions were observed for Stop Signal or the 3D-IDED task. Trends only were seen with regard to the total number of words produced on the Verbal Fluency test [F 2,96=2.39, p=.09] and the total number of transitions or "switches" performed between clusters [F 2,95=2.53, p=.08] . Participants administered 2 mg of guanfacine demonstrated higher scores following treatment compared with their baseline (p=.09) and participants administered both 2 mg (p=.03) and 3 mg (p=.05) of guanfacine performed a greater number of "switches" following treatment compared with their baseline. This improvement was not observed in the placebo group.
Discussion
Findings from the current study show that 3-4 weeks of guanfacine treatment was highly selective in improving aspects of response inhibition. While guanfacine enhanced motor inhibition (Stop/Signal) and attentional switching (3D-IDED/Verbal Fluency), no improvements were observed on tasks that included strategic planning demands, such as spatial working memory and paired associated learning. Neither did guanfacine enhance peripheral memory on tests with high non-executive learning and mnemonic components.
Directional errors on the stop signal task were improved in the guanfacine compared with the placebo group, and have typically been interpreted as a prototypical indicator of impulsivity in a range of neuropsychiatry conditions including ADHD (Nigg, 2001; Senderecka et al., 2012) , pathological gambling (Billieux et al., 2012; Brevers et al., 2012; Rodriguez-Jimenez et al., 2006) , borderline personality disorder (Nigg et al., 2005) , and most notably, cocaine dependence (Fillmore and Rush, 2002; Hester et al., 2007; Li et al., 2006) . Improvement in extra-dimensional shifting and verbal fluency "switching" scores are also thought to reflect enhanced cognitive flexibility, rule acquisition and inhibitory function (Cools et al., 2001; Troyer et al., 1997) . Not only are these selective executive processes compromised during early recovery from cocaine dependence (Colzato et al., 2007 (Colzato et al., , 2009 Fernandez-Serrano et al., 2010; Garavan and Hester, 2007; Li et al., 2006; Soar et al., 2012; van Holst and Schilt, 2011; Verdejo-Garcia and Perez-Garcia, 2007) , they are critical to impulse-related behaviors effecting outcome, such as planning, organizational ability, and decision-making (Blume and Marlatt, 2009; Fishbein et al., 2006) . As such, the enhancement of selective inhibitory processes via the facilitation of attentional flexibility may provide an important behavioral, therapeutic mechanism associated with guanfacine's central adrenergic effects.
Findings in the current study also corroborate other pharmacological studies showing that modulating noradrenergic drive via administration of agents such as guanfacine and atomoxetine enhances inhibitory control in a range of clinical populations. Both medications have been shown to improve inhibitory-related processes in non-human primates as well as humans with ADHD, tic disorders and neurodegenerative disorders (Arnsten and Li, 2005; Gau and Shang, 2010; Hunt et al., 1995; Jakala et al., 1999a; Scahill et al., 2001; Shang and Gau, 2012; Swartz et al., 2008; Ye et al., 2014) . While guanfacine was able to enhance motor inhibition in the Stop Signal task, it surprisingly did not improve Stroop performance, often considered a global measure of inhibitory control. One parsimonious explanation for this may be that the Stroop task invokes very different prefrontal systems potentially due to the lack of motor component and a greater focus on interference rather than inhibition, per se (Vitkovitch et al., 2002) .
While alpha2 agonists cause diffuse prefrontal activation of adrenergic systems (Arnsten et al., 1988; Ji et al., 2008; Le et al., 2011; Rama et al., 1996; Shields et al., 2009) , the enhanced attentional shifting observed in the current guanfacine sample may be compatible with the drug's targeting of post-synaptic alpha2 receptors located on the pyramidal dendritic spines of the dorsolateral prefrontal cortex (dlPFC) (Arnsten, 2011; Arnsten and Contant, 1992; Arnsten and Jin, 2012; Clerkin et al., 2009 ). For example, guanfacine's stimulation of post-synaptic alpha2 receptors in the dlPFC has been shown to strengthen the local network connectivity associated with response set maintenance (Clerkin et al., 2009; MacDonald et al., 1997; Wang et al., 2007) . Furthermore, studies examining the cortical mechanisms of response inhibition and extra-dimensional shifting have highlighted the role of both dorsolateral and ventrolateral prefrontal function (Bissonette et al., 2008; Dias et al., 1996; Fassbender et al., 2004; Garavan and Hester, 2007; Hampshire and Owen, 2006; Hester et al., 2004; Rogers et al., 2000; Swann et al., 2013) . Findings also support the modulation of broad LC-NE systems by alpha2 agonists (Engberg and Eriksson, 1991) known to underlie various attentional levels of inhibitory function including stimulus detection, behavioral orienting, attentional shifting and conflict detection (Bari and Robbins, 2013) .
Guanfacine's more pervasive effects on sympathetic output, via the central reduction of LC firing and stimulation of pre-synaptic α2 receptors (Mosqueda- Garcia, 1990; Sorkin and Heel, 1986) , may also account for both its effects on mood and cognition. Specifically, guanfacine ameliorated anxiety, anger and negative affect alongside improvements in inhibitory function. This is clinically important as anxiety and mood-related symptoms during early abstinence may contribute to the course, treatment outcome, and prognosis of substance abuse disorders (Ahmadi et al., 2006; O'Leary et al., 2000; Naifeh et al., 2012; Sanchez-Hervas and Llorente del Pozo, 2012; Sinha et al., 2011) , possibly due to impinging upon vulnerable self-regulatory pathways (Fox et al., 2007a; Tice et al., 2001) . Notably, while anxiolytic GABA-ergic agents including tiagabine, baclofen and topiramate have all demonstrated some promise in terms of reducing cocaine administration (Gonzalez et al., 2003; Kampman et al., 2004; Roberts, 2005; Roberts and Brebner, 2000) , they have also been associated with cognitive impairment and sedation (Ijff and Aldenkamp, 2013; Haney et al., 2010; Sommer et al., 2013) , not observed in guanfacine (Fox et al., 2012) .
Although guanfacine enhanced aspects of attentional control overall, its effects were shown to be highly selective. For example, Paired Associates Learning which includes visual and spatial peripheral memory as well as delayed aspects of working memory commonly associated with planning and organizational skills (Champod and Petrides, 2007; Sahakian et al., 1988) remained unchanged. This is consistent with the lack of improvement observed in the RAVLT task which measures peripheral verbal recall (immediate and delayed), verbal recognition, and verbal learning. It also corroborates a lack of enhanced performance seen on the spatial working memory task, which again employs both a peripheral spatial memory component and a planning and self-ordered search strategy. Combined, these findings may broadly indicate dissociations in the effects of guanfacine between verbal and visuo-spatial episodic memory and executive function. In addition, its effects on working memory may be further disseminated into observed improvement in motor inhibition and attentional switching, but not strategic processes.
In terms of study limitations, the current participant sample is small and as such findings are preliminary. Second, the combination of two doses in the guanfacine group makes it harder to ascertain the exact therapeutic dose in terms of cognitive enhancement. In view of this, however, secondary analysis does show some indication that 2 mg of guanfacine may be adequate to enhance verbal fluency and attentional switching during early abstinence from cocaine. Third, the current sample is also composed predominantly of males, and future research is encouraged to assess the moderating effects of sex on guanfacine-induced cognitive changes. For example, a recent study from our own laboratory has shown that while guanfacine attenuates peripheral sympathetic arousal in both early abstinent cocaine-dependent men and women, anxiety, negative affect and craving decreases are significantly more robust in women (Fox et al., 2014) .
Despite these limitations, preliminary findings indicate that attenuation of adrenergic drive as well as mood and anxiety symptoms via stimulation of alpha2 receptors may enhance selective inhibitory processes that are integral to behavioral change in substance abusers.
